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1. Physical Mechanisms of Quarry Blast Sources 

1.1 Introduction 

Models of quarry blasts may serve to develop efficient and robust 
methods for discriminating quarry blasts from other seismic sources. In this 
report, we present progress on modeling quarry blasts at the Chemline quarry 
in central Texas and the Black Thunder mine in the Powder River Basin of 
Wyoming. In previous work (Barker, et ah, 1993a,b; and McLaughlin, et al.r 

1994) we proposed physical models for the quarry blast source which included 
the effects of the 3D topography of the quarry face and the mass movement of 
the rock (spall). The intent of this work is to examine available quarry blast 
data and test these mechanisms for seismic excitation. 

We have used three-dimensional finite difference calculations and 
wavenumber integration synthetics to interpret near-regional data from the 
Chemline quarry (Bonner, et ah, 1996). The focus here was to examine 
azimuthal variations and compare them with the effects of local quarry 
topography (as predicted by the 3D calculations) and the spall of material from 
the quarry face. 

We observe strong variations in near field ground motions at the Black 
Thunder mine. Using estimates of site response derived from signal coda , we 
find that the variations are partly due to local structure. However, variations 
between nearly co-located shots indicate changes are also due to source 
mechanism. The data set provided to us at this time does not include all the 
data taken for these shots and it is anticipated that source and propagation 
effects can be resolved with the full data set. 



2. Seismic Source Mechanisms for Quarry Blasts Observed Rayleigh 
and Love Wave Radiation Patterns from a Texas Quarry 

2.1 Abstract 

A theoretical understanding of the mechanisms by which quarry blasts 
excite seismic waves is useful in understanding how quarry blast 
discriminants may be transported from one region to another. A recent 
experiment in Texas with well-placed broadband stations and a cooperative 
blasting engineer has shed light on some of the physical mechanisms of 
seismic excitation at short periods (0.1 to 3 Hz). Azimuthal radiation patterns 
of the 0.2 to 2 Hz Rayleigh and Love waves are diagnostic of two proposed 
mechanisms for non-isotropic radiation from quarry blasts. Observations 
show that the Love and Rayleigh wave radiation patterns depend upon the 
orientation of the quarry benches. Two possible mechanisms for non- 
isotropic radiation are 1) the lateral throw of spalled material, and 2) the 
presence of the topographic bench in the quarry. 

The spall of material can be modeled by vertical and horizontal forces 
applied to the free surface with time functions proportional to the derivative 
of the momentum of the spalled material. We use wavenumber integration 
synthetics to model the explosion plus spall in terms of seismic moment 
tensor sources plus point forces. Preliminary modeling using wavenumber 
integration synthetics demonstrate that the magnitude of the SH (Love) 
compared to the SV (fundamental Rayleigh or Rg) in the short period band 
(0.5 to 2 Hz) may be explained by the spall mechanism. Nearly all of the 
available mass must participate in the spall with an average velocity of 2 to 5 
m/s to provide sufficient impulse to generate the observed Love waves. Love 
wave radiation patterns from such a mechanism are also consistent with the 
spall mechanism. However, the Rg radiation patterns from an explosion plus 
spall appear to somewhat differ from the observed pattern. 

We modeled the effects of the topographic bench by using 3D linear 
finite difference calculations to compute progressive elastic wavefields from 
explosion sources behind the quarry bench. These 3D calculations show SH 
radiation patterns consistent with observations while the SV radiation 
patterns are not consistent with observations. We also find that the radiation 
patterns from the explosion behind the bench can not be modeled by a 
modified moment tensor as hypothesized by Barker, et al. (1993b). The 3D 
effects of the bench are more complicated than representation by a moment 
tensor with a single reduced horizontal couple as suggested by Barker, et al. 
The 3D finite difference synthetics exhibit polarity reversals in the outgoing 
P-SV waves (P, S, and Rg) radiated behind the bench. These theoretical results 
are under investigation in hopes that a simple representation can be found 
for the effects of the 3D bench. 



Both mechanisms may contribute to the non-isotropic radiation 
patterns but the spall mechanism is the simplest physical mechanism that 
explains the bulk of the observations. Adjustments to the time functions for 
the horizontal force, the vertical force, and the explosion source may further 
refine remaining differences between prediction and the observations. 

2.2 Introduction 

Identification of large industrial blasts is an important problem in 
seismology. Earthquake seismologists wish to identify and exclude blasts from 
their catalogs in order to properly document natural activity. Furthermore in 
a CTBT context, it is necessary to identify blasts that could be mistaken for (or 
hide) a clandestine underground nuclear explosion. Several empirical 
methods have been found to successfully discriminate large industrial blasts 
from earthquakes (Smith 1989; Hedlin, et ah, 1990; Su, et ah, 1991; Smith 1993; 
Gitterman and vanEck 1993). Most methods rely upon the effects of ripple fire 
upon the seismic spectra (Willis 1963; Smith 1989; Hedlin, et ah, 1990). Ripple 
firing imposes scalloping upon the spectra and gives the spectra corner 
frequencies lower than those of microearthquakes with the same magnitude. 
The spectra then appear to be deficient in high frequencies. However, seismic 
spectra from non-ripple fired quarry detonations are also observed to be 
deficient in high frequency energy compared to microearthquakes (Smith 
1993). It has been suggested that spall mechanisms contribute to low frequency 
seismic energy and the general tendency for quarry blasts to appear deficient 
in high frequency energies (Barker, et. al., 1993a). This hypothesis has not 
been rigorously tested and questions remain as to the physical mechanisms by 
which these blasts excite regional waves and whether discrimination 
procedures can be transported to regions without prior experience. Therefore, 
blasts offer an opportunity to study the physics of seismic wave excitation and 
propagation while furthering our theoretical understanding of seismic 
discrimination. 

It has long been observed that groups of seismograms from a single 
quarry at a fixed receiving station will often exhibit similar waveforms. Most 
microearthquake network operators learn to spot particular industrial sources 
by location and waveform characteristics. In fact, it has been suggested that 
waveform correlation methods and pattern recognition algorithms can be 
used to routinely identify blasting operations at known industrial sites (Harris 
1991). However, in time, seismograms are recorded from the same industrial 
operation that differ significantly in waveform characteristics and do not 
correlate well with previous events. These differences are often blamed on 
variations in blasting practices and location within the quarry. It is just these 
variations in waveform characteristics that shed light upon the mechanisms 
of seismic excitation by the blasting operations. 



In order to use the information contained in the variability of 
waveforms from a quarry, an experiment must be able to separate the effects 
of ripple fire, location within the quarry, and orientation of the quarry face. A 
cooperative quarry operator and good azimuthal coverage are beneficial. 
Bonner and Goforth (1995) noticed that the character of seismograms from a 
central Texas quarry were correlated with the orientation of the active quarry 
face as the quarry operations migrated within the quarry. In a subsequent 
study with good azimuthal coverage of a few blasts, Bonner, et al. (1996) 
inferred Rg radiation patterns from phase matched filtered Rg. They found Rg 
was enhanced behind the bench and attenuated for paths crossing the quarry 
floor. Delitsyne, et al. (1996) studied intermediate period Love waves from 
quarry blasts in Siberia. They found that the polarity of Love waves on 
opposing quarry faces were reversed and that blasts in the floor of the quarry 
produced small Love waves compared to Rg. They concluded that the Love 
wave polarity reversals and amplitude dependence were consistent with a 
spall mechanism for the generation of Love waves from the quarry faces and 
opening of a vertical tension crack for blasts in the quarry floor as suggested by 
the master crack model of Konya and Walter (1990). 

In this study we attempt to model the data of Bonner, et al. (1996) to 
infer physical mechanisms for excitation of short-period fundamental 
Rayleigh (Rg) and Love (SH) waves. The Love wave and Rayleigh waves 
have been extracted by phase-matched filtering of recordings made at 10 
azimuths around a quarry in central Texas. Three blasts conducted behind 
two perpendicular quarry benches were recorded. Two mechanisms are 
explored for non-isotropic radiation as suggested by Barker, et al. (1993a) and 
Barker, et al. (1993b). These two mechanisms are the throw (or spall) of rock 
and the near-source scattering of waves for explosions behind quarry faces. 

2.3 Description of Quarry Blasts 

Three blasts were recorded from the Chemical Lime Quarry, 
"Chemlime," in Central Texas summarized in Table 1, illustrated in Figure 1, 
and previously described in Bonner, et al. (1996). Each shot consisted of 
between 28 and 42 shots of about 165 lb. each (W=76 Kg) of ANFO spaced 
approximately D = 4 to 5 meters apart and approximately B = 4 to 5 meters 
behind the quarry face. We refer to D as the inter-shot spacing and B as the 
burden. The shots were fired with nominal delays of 27 milliseconds in a 
single line from either northwest to southeast or from southwest to 
northeast. The total duration of the first two shots were approximately 1.1 
second and about 0.7 second for the second smaller shot. The quarry face is 
about 10 meters high and the three shots were fired behind two different faces 
of the quarry (the southwest and the southeast) and the ripple firing was 
directed either to the southeast or northeast as indicated in Figure 1. This 
inter-shot spacing, D, and burden, B, are consistent with standard shooting 
practices that move between 1000 and 10,000 times more rock than ANFO by 



weight, and use scaled burdens, B' = B/W1/3, of between 0.5 to 2 m/Kg1/3 

(Langefors and Kihlstrom 1963) The total yields of the three blasts were 3.16, 
2.97, and 2.21 metric tons of ANFO. 

Table 1. Chemical Lime, "Chemlime", Blasts 

Date # 
Holes 

Total 
ANFO 

ab.) 

Powder 
Factor 

Rock 
Moved 
(tons) 

Quarry 
Face 

Ripple 
Direction 

June 28, 
1994 

42 6964 0.32 21,157 SW Face NWtoSE 

June 12, 
1994 

40 6540 0.3 21,246 SW Face NWtoSE 

July 17, 
1994 

28 4856 0.32 14,872 SE Face SW to NE 

Scales 
10 IIU 

meters 

Horizontal 

100 
meters 

Legend 
• • • •    Shot Holes 

' Ripple 
Direction 

t" 

Figure 1. Diagram of the Chemlime quarry in central Texas. Shots 1 and 2 
were blasted behind the southwest face and Shot 3 was blasted 
behind the southeast face. Ripple directions are indicated as 
northwest-to-southeast for shots 1 and 2 and southwest-to- 
northeast for shot 3. The quarry face is about 10 m high. 



2.4 Seismic Velocity Models 

The seismic recordings and Rayleigh wave matched filter processing 
are described in Bonner, et al. (1996). Between 6 and 7 stations recorded each 
shot on three component broadband sensors (Figure 2). Analysis of the Rg 
(short-period fundamental Rayleigh waves) resulted in a three layer model 
(Table 2). For the purposes of computation, this model was placed over a 
regional crustal model from Prewitt (1969). The 5 km of low velocity 
sediments are underlain by granites and other Greenvillian age rocks. Early 
calculations showed some anomalous phases resulting from the thick high 
Poisson's ratio layer with Vp = 5000 m/s and Vs = 1320 m/s. This layer was 
then replaced by a layer with linear gradients from the high Vp/Vs ratio of 2.6 
at a depth of 1 km to a Vp/Vs ratio of about 1.67 at a depth of 5.2 km 
consistent with a decreasing Poisson's ratio with depth (see Tables 2 and 3). A 
fourth model is tabulated with discrete layers used for calculating 
wavenumber integration synthetics (Table 4). 

31.8 N 

31.7 N 

31.6 N 

97.7 W 97.6 W 97.5 W 
Figure 2.   The 10 recording stations were located about 10 km  from  the 

Chemlime quarry. 



Table 2. Original Velocity Model of Bonner, et ah (1996) 

on top of Prewitt (1969) Velocity Model 

H 
(m) 

Vp 
(m/s) 

Vs 
(m/s) 

Density 
(Kg/mA3) 

300 3000 1000 1500 

700 3100 1180 1600 

4200 5000 1320 2500 

14000 6140 Vp*.6 2500 

11900 6720 Vp*.6 2500 

8900 7100 Vp*.6 3000 

half-space 8000 Vp*.6 3100 

Table 3. Linear Gradient Velocity Model 

H 
(m) 

Vp 
(m/s) 

Vs 
(m/s) 

Density 
(Kg/m3) 

300 3000 1000 1500 

700 3100 1180 1600 

4200 linear gradient from 
3468 to 5000 

linear gradient from 
1320 to 3000 

2500 

14000 6140 Vp*.6 2500 

11900 6720 Vp*.6 2500 

8900 7100 Vp*.6 3000 

half-space 8000 Vp*.6 3100 

Table 3a. Modified Linear Gradient Velocity Model 

H 
(m) 

Vp 
(m/s) 

Vs 
(m/s) 

Density 
(Kg/m3) 

300 2000 1000 1500 

700 2100 1180 1600 

4200 linear gradient from 
2350 to 5000 

linear gradient from 
1320 to 3000 

2500 

14000 6140 Vp*.6 2500 

11900 6720 Vp*.6 2500 

8900 7100 Vp*.6 3000 

half-space 8000 Vp*.6 3100 



Table 4. Modified Velocity Model with Discrete Layers 
for Wavenumber Integration Synthetics 

H 
(m) 

Vp 
(m/s) 

Vs 
(m/s) 

Density 
(Kg/m3) 

QH 

300 3000 1000 1500 50 
700 3100 1180 1600 50 
1200 3468 1320 2000 50 
1000 3978 1880 2000 75 
1000 4488 2440 2000 100 
1000 5000 3000 2500 200 
14000 6140 Vp*.6 2500 300 
11900 6720 Vp*.6 2500 300 
8900 7100 Vp*.6 3000 300 

half-space 8000 Vp*.6 3100 500 

2.5 Observed Radiation Patterns of Rayleigh and Love Waves 

Figures 3-4 show the waveforms and inferred radiation patterns of 
short-period Rayleigh (Rg) and Love (SH) waves extracted from the 
seismograms of the three Chemlime shots. The radiation patterns show clear 
correlation with the orientations of the faces of the quarry. Love waves 
exhibit minima at azimuths perpendicular to the face of the quarry and 
maxima parallel to the quarry faces. Rayleigh waves (Rg) are enhanced behind 
the quarry face; to the southwest for shots 1 and 2 and to the southeast for 
shot 3. The correlation with the orientation with quarry face is clearly 
demonstrated by comparison of the patterns for shots 1 and 2 (oriented NW- 
SE) compared with shot 3 (oriented SW-NE). In addition, the radiation 
patterns show tendency for the amplitudes to be larger in the directions of the 
ripple fire; to the southeast for shots 1 and 2, and to the northeast for shot 3. 
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Figure 3. Love wave (SH) radiation patterns inferred for the June 28 (top) 
and July 17 (bottom) blasts located behind the southwest and 
southeast benches respectively. 
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Figure 4. Rayleigh wave (Rg) radiation pattern inferred for the June 28 blast 
located behind the southwest bench and ripple fired from the 
northwest toward the southeast. Compare the Rg radiation pattern 
with the love wave radiation pattern at the top of Figure 3. 

Figure 5 shows the ratios of Rg/SH amplitudes for shots 1 and 2 along the 
southwest bench. Rg/SH amplitudes are between 1 and 4 for stations 1, 2, 7, 
and 8 which are located to the northeast and southwest. Rg/SH amplitudes 
are less than 1 for stations 3, 5, 9, and 10 which are located to the southeast 
and northwest. Several stations were not operational during the 12 July (shot 
2) event but the consistency of the Rg/SH ratios for the two shots along the 
same bench provides confidence that the Rg/SH patterns are reproducible for 
events on the same quarry face. 

In the remainder of the report we examine two hypotheses to explain 
the enhancement of Rg behind the bench, Love wave radiation patterns, and 
the Love to Rg ratios. First, we examine the topographic bench using 3D finite 
differences. Second, we examine a spall model using plane-layered synthetics. 
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Rg/SH Ratios for June 28 and July 12 Events 

2 - 

1  - 

0 - 

■1  - 

-2 

-3 ■1 0 1 

Figure 5. Amplitude Rg/SH ratios for blasts June 28 (squares) and July 12 
(asterisks) Along the southwest quarry face. Stations 1, 2, 7 and 8 to 
the northeast and southwest (perpendicular to the quarry face) 
have Rg/SH ratios' > 1. While stations 3, 5, 9, and 10 to the 
southeast and northwest (parallel to the quarry face) have Rg/SH 
ratios < 1. The quarry face strikes northwest - southeast. 

2.6 Finite Difference Calculations with Recursive Grid Refinement 

We first wished to examine the near-source scattering problem of 
placing explosions behind a quarry bench. Barker, et al. (1993b) suggested the 
topographic bench introduces a radiation pattern to the far-field seismic 
waves. They further hypothesized that the radiation pattern could be 
modeled by an effective moment tensor source. The method of elastic finite 
differences with recursive grid refinement (see McLaughlin and Day, 1994) 
was used to model 3D wave propagation in this problem with a large range of 

11 



scales. The quarry was modeled with a fine grid of 5 m cells enclosed in a 
succession of coarser grids as illustrated in Figure 6. Eight levels of refinement 
were used with a refinement factor of 2 between successive levels. Each grid 
was composed of 63 wide by 63 long by 31 deep cells. The coarsest grid had a 
grid spacing of 640 m while the finest grid had a grid spacing of 5 m (see Table 
5). This procedure allows us to model details of the quarry pit at a 5 m 
resolution in a small region and the wave propagation of 1 to 5 Hz waves to 
greater distance with coarse grids. Table 5 demonstrates the utility of the 
recursive grid refinement procedure. In order to grid the same volume that 
was gridded at the coarse 640 m spacing with a fine spacing of 5 m would have 
required 2.5*10" cells instead of the 9.8*105 cells which is both a great savings 
in memory as well as computation. However, since the fine grid does not 
extend outward from the quarry, each transition from fine grid to coarse grid 
results in trapping the high frequencies that do not propagate in the coarser 
grid. The resulting waves recorded in the coarser grids at greater and greater 
distance can only accurately support waves with frequencies lower than the 
Fmax listed in the Table 5. Therefore, some care must be taken to use only 
those portions of the synthetics that faithfully record the outgoing waves with 
appropriate bandwidth (lowpass filtered) before high frequency reflections 
arrive from either the bottom or outer boundaries of the coarser grids. 

Table 5. Recursive Refinement Grid Tree 

Level dx^y^dz 
(m) 

dt 
(sec) 

# cells Grid Dimensions 
(m,m/m) 

Vmax/Vmin 
(m/s) 

Fmax 
(Hz) 

grid-cycles 
(4 sec 

duration) 

1 640 0.04 123039 39680,39680,19200 6140/3684 0.16 100 

2 320 0.02 123039 19840,19840,9600 6140/3684 0.31 200 

3 160 0.01 123039 9920,9920,4800 4824/2808 0.63 400 

4 80 0.005 123039 4960,4960,2400 3964/1864 1.25 800 

5 40 0.0025 123039 2480,2480,1200 3533/1392 2.5 1600 

6 20 0.00125 123039 1240,1240,600 3100/1180 5.0 3200 

7 10 0.000625 123039 620,620,300 3000/1000 10. 6400 

8 5 0.0003125 123039 310,310,150 3000/1000 20. 12800 

total 984312 25500 
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39,680m 4960m 

Level 1 

Level 2 

Leiffil 
Level 

Level 5 

Level 6 

I.PVPl.7 
L ävel B 

Figure 6. Diagram of recursive grid refinement used in finite difference 
calculations. Eight levels of refinement were used with one grid on 
each level resulting in an arrangement of nested grids. The quarry 
and explosion sources are located in the finest grid (level 8). 

2.7 Numerical Calculation Series 

Several numerical experiments were performed and are summarized 
in Table 6. First, an explosion source was placed in the upper 10 m of a 
laterally homogeneous layered half-space with no quarry present (shot _0). 
This "control" calculation could be compared with a wavenumber integration 
code for testing and validation. Next, the quarry pit was inserted into the 
finest grid (level 8 with 5 m resolution) by setting the elastic moduli of the 
appropriate cells to zero (shot_l). This implicitly forces the free surface 
boundary condition upon the topographic representation of the quarry pit. 
The explosion sources are inserted into the calculation by specifying the 
diagonal moment tensor components of appropriate cells with the relevant 
time delays. Each source was given a time function with a rise time of 0.25 
seconds in order to remove spurious high frequencies from the calculation. 
This is equivalent to applying a lowpass filter to the resulting synthetic 
seismograms. Both single shots (2.5*109 Nt-m total explosion moment) and 
multiple shots (1.0*10n Nt-m total explosion moment) with ripple firing 
were simulated. Most simulations were run to between 3 and 4 seconds 
duration requiring between 48 and 72 hours of CPU time on an SGI R8000 
workstation. Three components of velocity were saved on the free surface at 
every 160 or 640 m and every 0.01 or 0.04 sec. Several calculations were 
performed with the linear gradient velocity model (Table 3) instead of the 
original model of Bonner, et al. (1996) (shot_0a, shot_lc, and shot_ld). No 
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significant differences were seen in the results from the calculations with the 
linear gradients. One calculation (shot_le) was performed with lower P 
velocities in the upper layers consistent with a Vp/Vs = 2 in order to test the 
sensitivity of the results upon the Poisson's ratio of the material. In order to 
test the sensitivity to the location of the shots behind the quarry face two 
locations were chosen for the single shots (see Figure 7). One calculation 
(shot_ld) was conducted with the explosion source 10 m behind the quarry 
face rather than 5 m behind the quarry face. 

Table 6.3D Finite Difference Calculations 

Run Quarry Present 
Quarry Face 

Velocity Model Multiple/Single 
Shot 

Shot Location 

Burden 

shot_0 No Original single - 

shot_0a No Linear Gradient single - 

shot_0b No Linear Gradient 
with Vp/Vs=1.67 
in upper layers 

single 

shot_l Yes 
South 

Original multiple fired 
ripple west-to-east 

5 m 

shot_la Yes 
South 

Original single - location 1 5 m 

shot_lb Yes 
South 

Original single - location 2 5 m 

shot_lc Yes 
South 

Linear Gradient single - location 1 5 m 

shot_ld Yes 
South 

Linear Gradient single - location 2 10 m 

shot_le Yes 
South 

Linear Gradient 
with Vp/Vs=1.67 
in upper layers 

single - location 2 5 m 
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3D Finite Difference Quarry Model 
310m 

A 
Grid Level 8 (dx=dy=5m) 

310m 

V    LI 

location 1      location 2 

Figure 7. Diagram of quarry models and shot locations used to simulate 3D 
wave propagation. The line of multiple shots 5 m behind the 
bench is indicated by filled circles. Two single shot locations #1 and 
#2 are labeled. 

A comparison of the single shot in the layered half-space without the 
quarry (shot_0a) is compared with wavenumber integration synthetics in 
Figure 8. The wavenumber integration synthetics have been convolved with 
the appropriate source time function and both sets of seismograms have been 
low-pass filtered at 3 and 2.5 Hz. The waveform comparison provides 
confidence that the finite difference calculations are performing as expected. 
Grid dispersion can be seen for frequencies above 2.5 Hz in the finite 
difference calculations. 
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Comparison of LFD md W-K Inlunrati 
Comparison ol LFD and W-K Inlegrtition 

o.ü as 

Figure 8. Comparisons of finite difference calculations for an explosion 
source in a layered half-space with wavenumber integration 
synthetics at a distance of 1000 m. The appropriate source time 
function has been convolved with the wavenumber integration 
green's explosion functions and all seismograms have been Low- 
pass filtered at 3.0 Hz (right) and 2.5 Hz (left). 

2.8 Results of 3D Finite Difference Calculations 

Snap shots of the vertical velocity and the total horizontal velocity are 
shown in Figure 9 for the shot_l simulation. This calculation simulates the 
ripple fire of multiple shots 5 m behind a 10 m high bench. Phase reversals 
for waves radiated behind the bench are immediately evident. The total 
horizontal component contains both radial and transverse motion and the 
individual seismograms must be rotated before we can separate the P-SV and 
SH components of motion. 

The rotated synthetic seismograms at a distance of 2 km from the 
multiple ripple simulation (shot_l) are shown in Figure 10. The 
seismograms have been low-pass filtered at 2 Hz. Surprisingly there are clear 
phase reversals of all three components for seismograms behind the bench (to 
the south) compared to seismograms across the quarry (to the north). The 
maxima of the envelope of each seismogram were measured and the 
radiation pattern for the vertical, radial and transverse components of 
motion are shown in Figure 11. Note that the vertical and radial components 
of motion are local maxima in directions perpendicular to the quarry face and 
motions are enhanced in the direction of the ripple fire. The transverse 
motion radiation pattern is aligned parallel to the quarry face and enhanced 
in the direction of ripple fire. 
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Vertical Velocity Field, Shot 1, T=2.04s Vertical Velocity Field, Shot 1, T=3.04s 
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Figure 9. Snap shots of the vertical velocity from simulation shot_l at T=3 
sec. (top left) and T=2 sec. (top-right) and total horizontal velocity at 
T=2 2 sec. (bottom-center). Note the peanut-shaped radiation 
pattern for the total horizontal component and the phase reversals 
of the vertical component. 
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Verticol Components, shot 1, 2 km, 0-2Hz 

Time 

Figure 10. Vertical, radial, and transverse synthetic seismograms at a distance of 2 
km from simulation shot_l. Seismograms have been lowpass filtered at 2 
Hz. 
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Figure 11. Radiation patterns are the maxima of the envelopes of the seismograms 
of Figure 10. shot_l, ripple fired. 
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In order to separate the effects of the ripple fire from the single shot 
and test the sensitivity of the radiation patterns upon location along the 
bench, we performed several single point explosion simulations listed in 
Table 6. It is easier to examine the individual phases of the point sources on 
the seismograms since they do not have the long source duration. Synthetic 
seismograms at a distance of 2 km from a single shot located 5 m behind an 
outside bench corner (shot_la) are shown in Figure 12. The radiation patterns 
are shown in Figure 13. 

We do not present detailed results for the simulations, shot_lb, 
shot_lc, shot_ld, and shot_le. The point source simulations at location #2, 
shot_lb and shot_ld, did not show results significantly different from the 
shot_la simulation demonstrating that the effect of the point source 
explosion behind the bench is not sensitive to the location along the bench 
and that the effect continues to a distance at least as far behind the bench as 
the bench is high. The simulations with linear velocity gradients, shot_0b, 
shot_lc and shot_ld, demonstrated that results are nearly identical to models 
without the velocity gradient for seismograms at 1, 2, and 4 km from the 
source. The fundamental Rayleigh and Love waves that dominate the 
seismograms in the 1 to 2 Hz bandwidth are not greatly sensitive to details of 
the velocity below 1 km at these distances. The simulation with a lower 
Vp/Vs ratio in the upper layers demonstrated that the results are not 
sensitive to the Poisson's ratio. The phase reversals are observed for Vp/Vs 
ratios between 2 and 3. 

It is immediately obvious that the Love wave (SH or transverse) 
radiation patterns of Figures 11 and 13 are similar to the observed radiation 
patterns of Figure 3 when we account for the tendency for the patterns to be 
enhanced in the direction of the ripple fire. However, the P-SV (vertical and 
radial) radiation patterns of Figures 11 and 13 do not show the asymmetry of 
enhanced radiation behind the bench evident in Figure 3. From this 
comparison it is clear that the observed radiation patterns in Rg cannot be 
produced by the topographic bench alone. The observed enhancement of Rg 
behind the bench is much larger than can be explained by the topographic 
effects. Next, we examine the spall model. 
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Figure 12. Vertical, radial, and transverse synthetic seismograms at a distance of 2 
km from simulation shot_la. Seismograms have been lowpass filtered at 
2 Hz. 
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Figure 13. Radiation patterns are the maxima of the envelopes of the seismograms 
of Figure 12 shot_la. 
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2.9 Modeling Spall with Wavenumber Integration Synthetics 

We next attempted to model the observed radiation patterns with a 
simple explosion plus spall model of Barker, et al. (1993a). Green's functions 
were synthesized for the velocity model in Table 4 at a distance of 10 km. The 
explosion Green's functions were then convolved with a 1.1 second long 
boxcar with a total explosion moment of M0 = 3*10" Nt-m. The vertical and 
horizontal force Green's functions were convolved with functions 
representing the time derivatives of the vertical and horizontal momentum 
of 20,000 metric tons of rock with a take-off velocity of 4.24 m/s at an angle of 
45 degrees in the north direction. The spall functions were further convolved 
with a 1.1 second duration boxcar with unit area to represent the ripple 
duration. We assumed no net change in the height of center of mass of the 
material for the first model (spall_l) and assumed the center of mass fell one- 
half the height of the bench in a second model (spall_2). 

The source functions are shown in Figure 13 and following Barker, et. 
al, (1993a) we write the vertical, Fz, and horizontal, Fy, forces as 

Fz =nizQS(t) + (gt-z0)8(t-td)- g(H(t)- H(t-td))]®[H(t)- H(t-tr)]/(tr-t) 

and 

Fy=my0[S(t)-8(t-td)]®[H(t)-H(t-tr)]/(tr-t) 

where the spall dwell time is given by 

td=[zG + {yl+2z0g)m]lg, 

and the initial horizontal and vertical velocities are given by 

0>o>fo) = ^o(sinö>COSÖ)- 

Note that the ripple duration spreads out the spall forces over time and the 
total spall duration is the sum of the spall dwell time and the ripple duration. 
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Table 7. Explosion Plus Spall Models 

Model 
Explosion 
Moment 

M0 
(Nt-m) 

Ripple 
Duration 

tr 
(sec) 

Total 
Mass, 

m 
(metric 

ton) 

Take-off 
Velocity, 

(m/s) 

Take-off 
Angle, 

e 
(degrees) 

Elevation 
Change, 

zo 
(m) 

Spall Dwell 
Time, 

td 
(sec) 

spall_l 3 * 1011 1.1 20,000 4.24 45 0 0.6 
spall_2 3 * 1011 1.1 20,000 4.24 45 5 0.9 
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Figure 14. Quarry blast source functions: explosion (top), horizontal spall 
force (middle), and vertical spall force (bottom). Note that the total 
duration of the spall signal is the sum of ripple duration and spall 
dwell time. 

Samples of the spall model seismograms and the radiation patterns are 
shown in Figures 15. It is clear that the largest phases on these seismograms 
are the fundamental Rayleigh and Love waves. Therefore, the maxima of the 
envelopes of the bandpassed synthetic seismograms were computed to form 
the radiation patterns seen in Figure 16. No attempt was made to simulate the 
spatial extent of the ripple fire (approximately 200 m long) upon the radiation 
patterns. 
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We can see from these seismograms that the approximate SV/SH 
amplitude ratios are consistent with observations that give maximum 
Rg/Love ratios perpendicular to the quarry face. Of coarse the spall model 
predicts a null perpendicular to the quarry face while observations favor a 
weak but measurable Love wave in that direction. Consistent with the central 
Texas observations, the P-SV (vertical and radial) amplitudes are maximum 
behind the bench, however the amplitude enhancement in the spall model is 
much less (about 25%) compared to the observations (about 300%). The 
asymmetry of the spall radiation pattern arises out of the interference of the 
horizontal force, the vertical force, and the explosion moment components of 
the source. The radiation patterns of the vertical force and the explosion are 
isotropic while the horizontal force introduces the asymmetry. It may be 
possible to further adjust the time functions of these three fundamental 
components of the source to better model the observed Rg radiation pattern 
asymmetry. We do not present the details of the second spall model (spall_2) 
except to say that with the source time functions of Barker, et ah (1992a) the 
introduction of a net fall in the center of mass did not greatly change the 
radiation patterns from those seen in Figure 16. 
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Figure 15.  Seismograms derived from spall model 1. 
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Figure 16. Radiation Patterns at 10 km, 0-2 Hz, for the Model Spall_l. 
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2.10 Modeling the Bench Face with a Moment Tensor Source 

Barker, et al. (1993b) postulated that the effects of the bench upon the 
seismic radiation from a quarry blast explosion may be modeled by a modified 
moment tensor. They argued that the couple perpendicular to the quarry face 
will be effectively reduced by the presence of the free-surface boundary 
condition. Following this suggestion, we convolved the individual Green's 
function components for Mxx, Myy, and Mzz with 1.1 sec duration boxcars 
such that Myy = y ( Mxx = Mzz = M0). Seismograms were computed for 
selected azimuths and the radiation patterns in Figure 17 were computed 
from the maxima of the envelopes of the bandpass filtered synthetic 
seismograms. 

Table 8. Moment Tensor Model for the Explosion Behind the Bench 

M0 
(Nt-m) 

Ripple Duration 
(sec) 

Y 

3*10n 1.1 0.2 

We can see from these synthetic radiation patterns that the transverse (Love 
wave) radiation is a four-lobed pattern with nodes parallel and perpendicular 
to the quarry face. The maximum Love waves from such a source are at 45 
degree azimuths to the quarry face. The vertical and radial synthetics are 
maximum perpendicular to the quarry face. These radiation patterns do not 
appear to reflect what we see from the 3D linear finite difference calculations. 
It is clear that the theoretical radiation from an explosion behind a bench is 
more complicated that the simple model suggested in Barker, et al. (1993b). 
The simple model of a reduced moment tensor component is not consistent 
with either the data or the more complete 3D finite difference calculations. 
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Figure 17. Radiation patterns at 10 km, 0-2 Hz, for the reduced moment tensor source, 

Myy = Y ( Mxx = Mzz = M0), y = 0.2. This model neither represents the finite 
difference calculations nor the observed data. 
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2.11 Conclusions 

We have attempted to model observed short-period fundamental 
Rayleigh (Rg) and Love (SH) waves from a quarry in central Texas at distances 
of about 10 km. Radiation patterns for the short period fundamental Rayleigh 
waves and Love waves are correlated with orientations of the quarry faces. 
Two physical based models have served as working hypotheses for the non- 
isotropic radiation from these quarry blasts. The first model assumes that the 
throw (spall) of material by the quarry blast can be modeled by simple forces 
applied to the horizontal free-surface (Barker, et ah, 1993a). The second 
hypothesis posits that non-planar free surfaces introduce non-isotropic 
radiation patterns into the regional waveforms (Barker, et ah, 1993b). 

3D finite difference calculations show SV and SH radiation patterns 
roughly consistent with observations. However, we find that radiation 
patterns from an explosion behind the 3D bench are not represented by a 
modified moment tensor as suggested by Barker, et ah (1993b). Barker, et al. 
postulated that the effect of the quarry bench may be modeled by simple 
modification of the explosion moment tensor. The simple model of a reduced 
moment tensor component is not consistent with either the data or the more 
complete 3D finite difference calculations. 

Preliminary modeling using plane-layered synthetics demonstrate that 
the magnitude of the SH compared to SV may be explained by the spall 
mechanism. Nearly all of the mass must participate in the spall with 
velocities of 2 to 5 m/s. Love wave radiation patterns are also consistent with 
such a mechanism. The Rg radiation patterns from an explosion plus a spall 
appear to differ somewhat from the observed pattern and may suggest that 
both the spall and free face are necessary to completely explain the azimuthal 
radiation patterns of both the Love and Rayleigh. 
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3. Modeling the Black Thunder Mine Data 

3.1 Black Thunder Mine Series: Near Field Data 

Data for three shots described in Stump, et ah (1996) were made 
available to us by Dr. Craig Pearson at LANL. The shots are two large ripple- 
fired cast shots, and a simultaneously detonated, contained coal shot (not 
cast). In Figure 18, we show the locations of the near-field recording sites 
relative to the cast shot done on Julian days 167 and 174 of 1996. Descriptions 
of the sensors can be found in Stump, et al. (1996). The plot shows the 
location of the pit (stippled area) at the time of these shots. Mining operations 
have proceeded from north to south, and the land is reclaimed after coal is 
removed. Thus, the highwall is on the south side of the pit. The cast blasts 
originated at the same location, with shot 167 (4.7 million lbs) propagating to 
the right, ending at the edge of the pit, and shot 174 (2.3 million lbs) 
propagating to the left. The material was thrown to the NE by shot 167 and to 
the NW by shot 174. The coal shot (day 236) is west of shot 167. 
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Figure 18. Locations of shots (circles) and recorders (triangles) relative to shot 
167. The pit is shown as the stippled area. 
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We have focused on two aspects of the data: the differences between 
the coal and cast blasts and the azimuthal patterns. Coal shots are used to bulk 
(fracture) material prior to removal. This is accomplished by exploding 
vertical shot holes which cause the material to lift and drop, with little 
horizontal movement. These shots are usually ripple fired to minimize 
ground roll, but shot 236 was shot simultaneously, especially for this 
experiment. The cast shots are the standard ripple-fired, distributed shots 
which cast material horizontally from the highwall into the pit. Thus, the 
primary differences in coal and cast blasts from the point of view of this 
program are: 

1. The coal shots have no horizontal movement and very little net 
vertical movement, while the cast shots have both. The effects of 
mass movement on seismic signals was investigated theoretically 
by Barker, et al. (1995). The horizontal motion produces a horizontal 
force in the direction of the mass movement, and a corresponding 
radiation pattern. The duration of vertical motion causes band- 
limited signals peaked between 0.2 and 1 Hz. 

2. The coal shot (in this case) is localized temporally and spatially, 
while the cast shots are distributed. The finite duration of the signal 
(usually several seconds) has the effect of low-pass filtering the data 
with a corner frequency that is the inverse of the duration. 

3. The cast shots occur on the side of the face to be removed, while the 
coal shot was detonated in the bottom of the pit. The geometrical 
effects have been studied in the numerical experiments discussed in 
Section II and in Barker, et al. (1994). 

To investigate the role of the source time history, we convolved the 
firing pattern of the ripple-fired cast blasts with the simultaneously detonated 
coal shot. If there are no geometrical effects or effects due to mass movement, 
then the convolved results should match the cast shots. That is, if the firing 
pattern of the cast blast is Fcast(t), the seismogram from the cast blast is Scast(t), 
and the seismogram if the coal shot is Scoal(t), then we would have 
ScasAt) = Scoai(tyi:Fcast(t)- In Figure 19, we show the convolutions and 
selsmograms for both cast blasts (167 and 174) at station A6. It can be seen that 
the firing pattern accounts for many of the differences between the coal and 
cast blasts, in particular the signal duration and peak amplitude. When 
recordings from other shots in the series become available, it will be possible 
to be more quantitative. 
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Figure 19. Time series from top-to-bottom are (1) the coal shot, (2) the coal 
shot convolved with the firing pattern for cast blast 167, (3) cast 
blast 167, (4) the coal shot convolved with the firing pattern for cast 
blast 174, and (5) cast blast 174. 

The primary objective in examining the azimuthal patterns from these 
shots is to infer the source radiation pattern, and from that, a source model. 
Figure 20 shows the radiation patterns of the vertical, radial and tangential 
components from shots 167 and 174 recorded at the "A" stations (Figure 18). 
Plotted are the peak amplitudes in the band from 1 to 3 Hz, which are 
typically found in the Rayleigh wave (see the seismograms in Figure 19). The 
station labels are shaded differently to indicate whether they are on reclaimed 
land (stations Al to A4 and A14, A15) or unmined land (stations A5 to A13). 
Generally, smaller amplitudes are associated with reclaimed land and larger 
amplitudes are associated with unmined land. Also shown on each figure are 
the site response radiation patterns at the stations as estimated by the spectral 
amplitude of the coda. At each station, the spectrum of the coda (starting at 
about 14 seconds into the records shown in Figure 19) is averaged from 1 and 
3 Hz, then averaged between the two shots, and plotted (after normalization 
to the maximum) versus azimuth. If variations in azimuth were due solely 
to site response (and the coda is a good estimate of the response), then the 
azimuthal patterns of signal and coda response would be the same, and we 
could attribute the differences to source radiation. The coda response for the 
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vertical component is largest to the SSE, and so is the peak motion for shot 
167. However, the vertical motion from shot 174 has a pattern which is larger 
to the SW, which indicates a difference in vertical source radiation. Recall 
that these two shots were different in their total yield and in the throw 
direction, with 167 NE and 174 to the NW. If there are directivity effects, we 
would expect them to be in the direction of the throw, which is not observed. 
We would also expect geometrical effects associated with the quarry to be 
about the same since they were shot from the same place on the same 
highwall. The spall of material can be modeled by vertical and horizontal 
forces applied to the free surface with time functions proportional to the 
derivative of the momentum of the spalled material (e.g., Barker, et al., 
1993a). The models predict dipolar patterns in the radial and transverse 
components, elongated in the direction of throw for the radial and 
perpendicular to the throw for the transverse component. This is also not 
observed. 

Vertical 

Transverse 

Figure 20. Radiation patterns of narrow band peak amplitude (1 to 3 Hz) for 
shot 167 (lighter line), shot 174 (heavier line) and coda response 
(dashed line) for three components of motion. 
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We conclude that near-field recordings are heavily contaminated by 
path and site effects. Further progress awaits additional data we have 
requested from LANL which may provide insight into the site response. 
Those data are recordings at these sites of events occurring outside the mine, 
within the Powder River Basin and beyond. We plan to determine local site 
response using coda techniques often employed in earthquake research (e.g. 
Van de Vragt, et ah, 1996) in order to better separate source and propagation 
effects. 

3.2 Black Thunder Mine Series: Regional Data 

In addition to studies of the near-field data described above, we have 
begun analyses of near-regional data presented by Hedlin, et ah, (1996). In the 
summer of 1996, IGPP/UCSD deployed five seismometers at ranges between 
100 and 200 km from the Black Thunder mine, which augment the 
permanent regional stations RSSD and PDAR. To determine path properties 
to these sites, we extracted Rayleigh wave dispersion curves and inverted 
them for earth structure using signals from three shots. Figure 21 shows the 
shear wave structures derived for each site. 

N 

Regional Models- Black Thunder 1996201, BHZ component 
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-20000 
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Figure 21. Shear velocity structure at four sites from the shot on Julian day 
1996201. 
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The models are quite consistent, with the exception of LBOH. These sites are 
all within the Powder River and Wind River Basins, except LBOH, to which 
signals must cross the Black Hills pluton. 

Hedlin, et al. (1996) recorded three large blasts, two in the South Pit (see 
Figure 18) and one in the North Pit. During one of the South Pit shots, a large 
fraction of the holes detonated simultaneously (unintentionally). The 
Rayleigh wave spectra, corrected for propagation by using phase velocities as 
phase matched filters, are shown in Figure 22 for station MNTA (A=204 km, 
azimuth=254°). The spectra for shots 215 and 201 (in the South Pit) are quite 
similar across the band, in spite of the simultaneous part of the detonation in 
shot 215. Shot 201, in the North Pit, has the largest difference in amplitude at 
low frequencies indicating source location is a stronger effect on amplitude 
than firing pattern. 
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Figure 22. Rayleigh wave spectra from three Black Thunder shots recorded at 
MNTA 
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4. Conclusions 
We have attempted to model observed short-period fundamental 

Rayleigh (Rg) and Love (SH) waves from a quarry in central Texas at distances 
of about 10 km. Radiation patterns for the short period fundamental Rayleigh 
waves and Love waves are correlated with orientations of the quarry faces. 
Two physical based models have served as working hypotheses for the non- 
isotropic radiation from these quarry blasts. The first model assumes that the 
throw (spall) of material by the quarry blast can be modeled by simple forces 
applied to the horizontal free-surface (Barker, et ah, 1993a). The second 
hypothesis posits that non-planar free surfaces introduce non-isotropic 
radiation patterns into the regional waveforms (Barker, et ah, 1993b). 

3D finite difference calculations show SV and SH radiation patterns 
roughly consistent with observations. However, we find that radiation 
patterns from an explosion behind the 3D bench are not represented by a 
modified moment tensor as suggested by Barker, et al. (1993b). Barker, et ah 
postulated that the effect of the quarry bench may be modeled by simple 
modification of the explosion moment tensor. The simple model of a reduced 
moment tensor component is not consistent with either the data or the more 
complete 3D finite difference calculations. 

Preliminary modeling using plane-layered synthetics demonstrate that 
the magnitude of the SH compared to SV may be explained by the spall 
mechanism. Nearly all of the mass must participate in the spall with 
velocities of 2 to 5 m/s. Love wave radiation patterns are also consistent with 
such a mechanism. The Rg radiation patterns from an explosion plus a spall 
appear to differ somewhat from the observed pattern and may suggest that 
both the spall and free face are necessary to completely explain the azimuthal 
radiation patterns of both the Love and Rayleigh. 

We observe strong variations in near field ground motions at the Black 
Thunder mine. Using estimates of site response derived from signal coda , we 
find that the variations are partly due to local structure. However, variations 
between nearly co-located shots indicate changes are also due to source 
mechanism. The data set provided to us at this time does not include all the 
data taken for these shots and it is anticipated that source and propagation 
effects can be resolved with the full data set. 
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